Ground-level ozone (O 3 ) is a key atmospheric constituent participating in many important atmospheric reactions, and has many negative effects both on human health and the environment. We have measured O 3 ambient concentrations in four Czech rural areas of great natural value: the Orlické hory Mts., Novohradské hory Mts., České Švýcarsko and Jizerské hory Mts. For our measurement we used Ogawa diffusive samplers. The measurements were carried out during the vegetations seasons of 2004-2010, the samplers were exposed for two-weeks periods and the filters analyzed in the CHMI laboratory. The aim of this paper is to summarize the experience we have of using the diffusive sampling method in the field.
Introduction
Ground-level ozone (O 3 ) is a key component of the atmosphere. As a potent oxidant and a source of the OH radical, it plays an important role in atmospheric chemistry, removing many air pollutants from the atmosphere by oxidation reactions (Seinfeltd and Pandis 1998). Moreover, due to its radiation-absorbtion properties, O 3 is a potent green-house gas, contributing substantially to climate change (IPCC 2007) . At high concentrations, O 3 has negative effects both on human health, ecosystems and the environment (Royal Society 2008) . For forests, it is still considered to be the most important air pollutant (Paoletti et al. 2010) .
Ozone is a criteria pollutant and there are legal limit values for human health, vegetation and ecosystem protection (Hůnová 2003) , and regular monitoring of concentrations of ambient O 3 is therefore required. In Europe, the limit values for O 3 are extensively exceeded (EEA 2016) , and with regard to ambient air pollution, O 3 is considered, together with aerosol, as the major threat.
In the Czech Republic O 3 measurements started in 1993, and currently there are ca 50 stations, in different environments (urban, rural, mountain) , within the nation-wide monitoring network continuously measuring O 3 (ČHMÚ 2016) . The data are gathered as 1-hour mean concentrations in a nation-wide database ISKO (Information System of Air Pollution) run by the Czech Hydrometeorological Institute (CHMI).
The results are published regularly in annual reports in a bilingual Czech/ English version (ČHMÚ 2016) free to download at http://portal.chmi.cz/files/portal/docs /uoco/isko/tab_roc/tab_roc_CZ.html, and there are papers on the effects on human health and ecosystems Hůnová and Schreiberová 2012; Hůnová et al. 2013) .
With respect to a nation-wide O 3 analysis, the current monitoring network is suitable. However, if we need a finer spatial resolution, for example, at the scale of a mountain range, the current network is not sufficient. To get a more detailed insight into the spatial variability in concentrations of O 3 we need additional measurements. Passive or diffusive samplers, which provide such a complementary system, are used in many regions throughout the world (e.g. Grosjean et al. 1995; Helaleh et al. 2002; Sanz et al. 2007; Adon et al. 2010) , and in particular are recommended for environmental studies (Krupa and Legge 2000) . These low-cost devices do not need a power supply and are very easy to manipulate, which makes them very handy for use at locations that are difficult to access, such as mountain forests. Diffusive samplers might be useful for diverse tasks in atmospheric chemistry (WMO GAW 1997) and are widely used for determining the levels of both indoor and outdoor ambient air pollution. Nevertheless, there are still many uncertainties in application of diffusive samplers to be accounted for (Cox 2003) . For example, in the field, it is necessary to be aware of the effect of environmental conditions (such as wind, air temperature and relative humidity) and what abrupt changes in these conditions may have on the performance of diffusive samplers (Vardoulakis et al. 2009 ).
To enlarge the existing nation-wide monitoring network we used diffusive samplers in four rural areas of a great natural value: the Orlické hory Mts., Novohradské hory Mts., České Švýcarsko and the Jizerské hory Mts. The measurements were made by students during the vegetations seasons in 2004-2010 as part of their diploma and Ph.D. theses. The aim of this paper is to summarize the experience we obtained using diffusive samplers, which might be useful for researchers using these measurements.
Methods

Diffusive samplers
Diffusive samplers are devices for measuring concentrations of ambient air pollutants. As indicated by their name, the sampling procedure is based exclusively on the process of diffusion, in which the pollutant is transported to a filter impregnated with a suitable collecting medium by free flow, according to Fick's first law of diffusion (1).
where J 1 is the diffusion flux of gas [mol cm −2 s −1 ], D 12 is the diffusion coefficient of gas 1 in gas 2 [cm 2 s −1 ], c 1 is the concentration of gas 1 in gas 2 [mol cm −3 ], z is the length of diffusion [cm] .
A diffusive sampler is defined by the European Committee for Standardization as "a device capable of taking samples of gases or vapours from the atmosphere at a rate controlled by a physical process such as gaseous diffusion through a static air layer or a porous material and/ or permeation through a membrane, but which does not involve an active movement of air through the device". This is determined by the difference between the pollutant ambient concentration and the concentration at the sorbent, which should be negligible compared to the ambient level.
Diffusive samplers provide time-integrated values for periods ranging from days to several weeks.
The diffusive samplers are simple, inexpensive, and do not require an electricity supply. The major disadvantages are: (1) they do not provide continuous values, (2) and are sensitive to meteorological conditions. Careful design of the sampler, however, can substantially reduce the uncertainty (Hofschreuder et al. 1999) .
Currently, diverse commercial diffusive samplers are available. Gerboles et al. (2006) 
Diffusive sampler Ogawa
For our measurements, we used the commercial Ogawa sampler (Ogawa and Co., Pompano Beach Florida), which is widely and successfully used for measuring O 3 in U.S. National Parks (e.g. Manning et al. 1996; Cooper and Peterson 2000) . Koutrakis et al. (1993) , who validated the Ogawa sampler, report that a relative humidity ranging from 10 to 80% and temperature ranging from 0 to 40 °C do not influence the performance of the sampler at typical O 3 levels (40-100 ppb). Fig. 1 shows the Ogawa badge sampler in a shelter provided by the manufacturer, which protects it from unfavourable meteorological conditions. The measuring technique was described in detail by Koutrakis et al. (1993) . The principle is based on oxidation of nitrite ions on the filter to nitrate by ambient O 3 , and analysis of nitrate by ion chromatography. The amount of nitrate ion is proportional to the concentration of ambient O 3 . The filters coated with a nitrite-based solution were supplied by the manufacturer. The samplers were prepared and the exposed filters were analyzed for nitrate by ion chromatography in the CHMI laboratory in Ostrava. All laboratory procedures were done according to the Protocol for ozone measurement by Ogawa passive badges (Ogawa Company 2001) . The time-weighted average O 3 concentrations for two-week measurements were calculated based on the collected amount of nitrate on the filter, the uptake rate of the sampler and the exposure time. For each campaign, mean nitrate concentration obtained from field blanks was subtracted from the exposed filter values in order to determine the net nitrate concentration. The calculation of the O 3 concentrations in our case, however, in contrast to the Ogawa Protocol (Ogawa Company 2001), was based on the empirical uptake rate obtained from the collocated measurements using a real-time analyser (Thermo Environmental Instruments TEI, M49), based on UV-absorbance as required in the EU (EC 2008) . Detailed description of our approach is presented in Hůnová (2006) .
Study areas and organizational aspects of monitoring
Ground-level ozone measurements were carried out by students, within their diploma and Ph.D. theses, in the Orlické hory Mts. (Šikýřová 2005) Fig. 2) .
The samplers were placed ca 2 m above ground level in forest clearings, at a reasonable distance from vegetation (trees and bushes) in order to avoid the O 3 concentration reduction due to deposition and uptake by vegetation. 
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We used a two-week exposures during the vegetation seasons. The first exposure of samplers was highly dependent on the meteorological conditions, as snow cover at the measuring sites prevented access to these areas.
Results and Discussion
Overall functioning of the Ogawa sampler
Meteorological shelter
The Ogawa sampler performed very well, it was simple to use and very convenient for measuring in mountain areas. The sampler itself was protected by a white shelter, specifically designed and provided by the producer. The purpose of this shelter is to protect the sampler from direct sunshine, which might affect O 3 formation, and from wind and rain. Generally, the shelter provided sufficient protection, though during heavy rain accompanied by strong wind, the filters became wet. In such cases, the filter could not perform as expected and the reaction resulting in the oxidation of NO 2 -to NO 3 -was disrupted. Nevertheless, such events rarely occurred. The protective shelter was made of white propylene to reflect solar radiation. The white colour, however, made them very visible in the field and we lost several shelters due to vandalism.
Empirical uptake rate
To estimate the correct uptake rate is critical for obtaining reliable ambient concentrations of O 3 . Diffusion driving forces depend on the concentration gradient be- 
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Fig. 2
Ground-level ozone monitoring. The sites at which there was continuous monitoring run by CHMI are depicted by point marks, areas with diffusive samplers are encircled. The underlined sites were used for collocated sampling.
tween the trapped pollutant and its ambient concentration (e.g. Namiesnik et al. 2005 ). Fick's law holds, however, under ideal, steady state conditions assuming that the sorbent functions as a perfect sink. Nevertheless, in real sampling there are deviations from ideal conditions and thus the theoretical uptake rate can differ from actual rate (Yu et al. 2008) . Moreover, Koutrakis et al. (1993) , who validated the Ogawa sampler, explicitly declare that its function is not influenced by temperatures between 0 to 40 °C, and relative humidity between 10 and 80%. While the temperature range was met in the field in the areas studied, the relative humidity frequently exceeded 80%. In contrast to some other studies (e.g. Gerboles et al. 2006; Gibson et al. 2009 ), the theoretical uptake rate of 21.8 cm 3 min −1 stated by the producer (Ogawa Company 2001) did not prove realistic in this study. Therefore, we developed an empirical uptake rate based on collocated measurements of diffusive samplers and continuous monitoring, similar to Bytnerowicz et al. (2008) . The O 3 levels, calculated using the theoretical or empirical uptake rate, differed by a factor of 2.3-3.9. This resulted in substantial underestimates of the concentration of O 3 by a factor of 2-4 if the theoretical uptake was used. We assume that in the field, the laboratory uptake rate declared by the manufacturer is not applicable. Namiesnik et al. (2005) in their thorough review of the use of passive samplers in environmental analyses indicated the possible effects of environmental conditions on analyte uptake as the most difficult problem to cope with. Nevertheless, the authors who used Ogawa badge samplers in their studies mostly reported that they used the uptake rate declared by the manufacturer and did not expanded on the issue. The only exceptions are the papers presenting results from the U.S. (e.g. Bytnerowicz et al. 2008) . Recently, Malmquist et al. (2014) reported an uptake rate of 27.3 cm 3 min −1 for an Ogawa sampler in a Swedish urban environment. We can reasonably assume, however, that in mountain conditions the uptake rate would differ much more from the theoretical uptake rate, as occurred in our mountain forest measurements.
Precision and accuracy
The precision of our measurements was very high (R 2 equalled 0.98). We could reduce the number of parallel filters from four, used earlier, to two. The accuracy was somewhat worse (R 2 equalled 0.82) but still acceptable. Similar studies with Ogawa samplers report analogous precision and accuracy (Manning et al. 1996) .
Macrosetting
Macrosetting of the measuring site is critical for obtaining spatially representative results, and so careful attention should be paid to the selection of relevant sites. When measuring O 3 at several sites, it is necessary to consider the aspect of the mountain slope. We found that records from sites with northern aspects to be consistently and significantly lower compared to the sites at similar altitudes but with southern aspects (Hůnová et al. 2016 ). This fact should be kept in mind in particular when constructing the map of O 3 concentrations based on point measurements. To get comparable results, the measuring sites should have the same aspect.
Regarding the macrosetting of measuring devices, it is extremely important to place them at a sufficient distance from vegetation. Our results from the Jizerské hory Mts. clearly indicated that measuring at the forest edge consistently gave significantly lower O 3 concentrations than that recorded at the same site but in a forest clearing at a distance of ca 20 m from the forest edge (Hůnová et al. 2016 ). This finding was foreseeable and is in agreement with other similar studies, such as e.g. Karlsson et al. (2006) .
Conclusions
The diffusive samplers Ogawa proved to be a very good device for environmental studies in rural areas with a complex terrain during vegetation seasons. They are light to carry, easy to operate and do not need a power supply. They can be used very effectively for indicative measurements in complex terrain of mountain forests, to study both the spatial and temporal variability.
Based on our results, we cannot, however, recommend the use of the theoretical uptake rate stated by the producer for measurements in the field. Rather we would recommend the use of the empirical uptake rate obtained from the collocated measurement of a diffusive sampler and a continuous analyser located in the same area. This empirical uptake rate reflects field conditions of changing meteorological variables much better than a constant uptake rate derived under laboratory conditions. The commercially provided meteorological shelter for protection of exposed filters against extreme meteorological phenomena (such as direct sunshine, heavy rain, strong wind) proved effective under usual conditions. In exceptional weather, such as heavy rain accompanied by strong wind, it failed, however, to provide the required protection, and subsequently the filters became wet and did not perform satisfactorily.
